A 140 La(I π = 3 − , T 1/2 = 40.3 h)-doped layer has been produced in CaB 6 by means of radioactive isotope (RI) beam technique: 140 Cs(I π = 1 − , T 1/2 = 63.7 s) was implanted into CaB 6 and the radioactive equilibrium of 140 Ba-140 La was achieved. The concentration of La in CaB 6 was La/Ca ∼ 0.001 and ∼0.005. Obtained TDPAC spectra of the 2083 keV level of 140 Ce (I π = 4 + , T 1/2 = 3.4 ns, µ = +4.35±0.10µ N ) followed by the β decay of 140 La showed the existence of hyperfine magnetic fields: B hyp = −15.0±0.5 T and −1.00±0.15 T for La/Ca ∼ 0.001 and B hyp = −1.51 ± 0.12 T for La/Ca ∼ 0.005.
Introduction
The high-temperature (T C = 600 K) weak ferromagnetism in Ca 1−x La x B 6 (x = 0.005) reported by Young et al. 1) has raised a basic problem concerning the physics of magnetism. This weak ferromagnetism, which emerged at x = 0.005, vanished when the density of La was x = 0.001 or x = 0.02. Similar weak ferromagnetism sensitive to the La density was also found in the system of A 1−x La x B 6 , where A represents alkali-earth metal elements, such as Ba and Sr, suggesting a key role of La in this type of weak ferromagnetism.
Unfortunately, few experimental studies have been performed on the electronic structure of La in Ca 1−x La x B 6 . For example, no direct measurement of the local field at a La site is available, and only one at an interstitial site by muon spin rotation (µSR) 2) and the one at boron sites in CaB 6 by 11 B nuclear magnetic resonance (NMR) 3) are available. Another problem concerning studies of Ca 1−x La x B 6 is a large sample dependence of its magnetic property. This may arise from the difficulty of its synthesis process control under a very high temperature of up to 2000 K for the synthesis of Ca 1−x La x B 6 . This time we report on the implantation of 140 La into CaB 6 , producing a density-controlled layer of La in CaB 6 at room temperature and a subsequent observation of the Larmor precession of 140 Ce at the 2083 keV level, followed by the β decay of 140 La with the time-differential perturbed angular correlation (TDPAC) method. TDPAC is suitable for the present system because the nuclide 140 La, one of the radioactive isotopes of La, is known to be applicable to a TDPAC measurement. 4) The important feature in the present study was the use of an RI beam implantation technique for the doping of La in CaB 6 . With this technique, the problem of the current sample dependence can be solved because ions are introduced by a kinematic process, not by the conventional thermal processes. The concentration of RI in CaB 6 is easily varied by changing the beam intensity and irradiation time. The advantage of an RI beam is that the beam itself need not be the same element * Graduate Student, Kyoto University. in which we are interested. In the present study, 140 Cs was implanted to populate 140 La through a following β decay. Thus, the ionization of La, which is very difficult to ionize, is not required for the implantation process.
Experiment
Ion implantation was performed at the solid-state course of the helium-jet loaded online isotope separator at the Research Reactor Institute, Kyoto University (KUR-ISOL). For detailed descriptions of KUR-ISOL, see references. [5] [6] [7] In the present study, 140 Cs was implanted into CaB 6 and 140 La was obtained in the radioactive equilibrium of 140 Ba-140 La, followed by the β decay of 140 Cs. A relevant part of the decay scheme of the A = 140 mass chain is shown in Fig. 1 .
140 Cs nuclei were produced as fission products from a 50 mg 235 U target placed under a neutron flux of 3 × 10 12 cm −2 s −1 ; and were carried to the surface ionizer by PbI 2 aerosol in He gas jet. 140 Cs were mass-separated and accelerated again to be implanted into a CaB 6 sample at room temperature. The beam intensity was monitored by the 602 keV γ rays, followed by the β decay of 140 achieved about five days after irradiation. Under radioactive equilibrium, the number of 140 La became ∼15% of 140 Ba. TDPAC measurements were performed on the 329-487 keV γ -γ cascade of 140 Ce, followed by the β decay of 140 La. All measurements were performed at room temperature. The external magnetic field applied to the sample, B ext , was 0.3 T. Since the magnetic field at the nucleus is the sum of B ext and the hyperfine magnetic field, B hyp , the Larmor frequency, ω L , is given by:h
Three 3.8 cm φ × 2.5 cm thick BaF 2 counters were placed 3 cm from the CaB 6 sample to form ±135 degrees in the plane perpendicular to the external magnetic field. Time spectra between signals from the detector at 0 degree and those at ±135 degrees were obtained. With the present detector arrangement, the time dependence of the asymmetry is given by:
where N ± (t, α) is the number of coincidences between the detectors at 0 and α degrees, and the subscript ± in eq. (2) stands for direction of the external magnetic field. The constant coefficient A 22 is characteristic only of the nuclear properties. Thus, the observed A 22 reflects the ratio of the probe nuclei which show a certain precession. The value for the 329-487 keV γ -γ angular correlation in 140 Ce is known to be −0.092 ± 0.012, 4) i.e., the observed A 22 should be this value if all of the probe nuclei show the same precession. We performed two sets of the TDPAC measurements for each sample by inverting the direction of the external magnetic field. The perturbation pattern must change its phase by 180 degrees when only the magnetic field direction is inverted and the other arrangements remain untouched. Then, we obtain
and
Results
As the first step, TDPAC measurements with CaB 6 powder (200 mesh) were performed. The present CaB 6 powder was La-free, and thus was not initially ferromagnetic. The La density in the samples was estimated to be La/Ca ∼ 0.001 from a 329 keV γ ray followed by the β decay of 140 La. The present density was restricted by the available beam intensity and the machine time of KUR-ISOL at that time. The implantation depth was estimated to be 50 ± 5 nm in CaB 6 from an ion range calculation performed with the SRIM code. 8) To investigate possible multiple locations for implanted probe nuclei, two different runs for time range of ∼50 ns and ∼20 ns were performed. The R + (t)− R − (t) and R + (t)+ R − (t) obtained in these runs are shown in Fig. 2 and Fig. 3 , respectively. These data are uncorrected for the finite solid angle subtended by the detectors. The precessions of 140 Ce were clearly observed in both R + (t) − R − (t). For convenience, we name the state corresponding to the perturbation in Fig. 2 as "state A", and that in Fig. 3 as " state B". The perturbations corresponding to state B cannot be clearly observed in Fig. 2 because of the wider time bin to achieve longer time range and poor statistics. By fitting eq. (3) to this TDPAC spectrum, the Larmor frequencies were determined to be ω L = 2π × (5.81 ± 0.40) Mrad/s for state A and 2π ×(121.0±2.3) Mrad/s for state B. According to eq. (2) and the present configuration of the detectors, the present patterns showed that the sign of ω L was negative. Because the magnetic moment of 140 Ce has a positive sign, B hyp + B ext must be negative from eq. (1). The value of A 22 for states A and B were also determined to be −0.055 ±0.002 and −0.005 ± 0.001, respectively, after a solid-angle correction. The large offset (3-4%) seen at the beginning position in the R + (t) − R − (t) spectrum of Fig. 3 is possibly due to the response to prompt γ rays of the detectors used in this TDPAC measurement. With eq. (1) and the known external magnetic field, the hyperfine magnetic fields for states A and B were deduced to be −1.00 ± 0.15 T and −15.0 ± 0.5 T, respectively. The inhomogeneity of B ext was estimated to be 10%, and was included in the error. The hyperfine field found in state B was ∼1/3 for 140 Ce(← 140 La) in Fe. 9) To investigate the possible dependence of the observed hyperfine fields to the La density, a TDPAC measurement was performed for a sample with La/Ca ∼ 0.005, where the mag- netization was reported by Young et al. In the present measurement, all of the setups were basically the same as in the case of CaB 6 powder, except for the sample and the implantation energy. We prepared CaB 6 samples grown on a 6 mmφ × 0.5 mm thick LaB 6 plate by a laser-ablation technique to be a 60 nm thick thin film. The CaB 6 target presently used for laser-ablation was synthesized by Akimitsu et al., not the powder used in the prior measurement. This CaB 6 thin film was carefully treated so as to avoid the contamination of magnetic ions, and confirmed not to be ferromagnetic by SQUID magnetometers before RI implantation. The implantation energy of the RI ions was at first 80 keV, and then reduced to be 60 keV to produce a La doped layer at a depth of 37 ± 8 nm.
At first, a TDPAC measurement for La/Ca ∼ 0.001 with a CaB 6 thin foil was performed to eliminate the possibility to observe the sample dependence, not the dependence of the La concentration. As shown in Fig. 4 , the perturbation corresponding to state A was successfully observed, while the perturbation corresponding to state B was not clearly observed due to poor statistics. The Larmor frequency for this perturbation was ω L = 2π × (−5.77 ± 0.73) Mrad/s, in good agreement with that of a powder sample. Then, a TDPAC measurement for a sample with La/Ca ∼ 0.005 was performed. As shown in Fig. 5 , a clear density dependence of the hyperfine field was observed. Unfortunately, the fine structure 
Discussion
The results of the present TDPAC study are summarized in Table 1 along with the population for each perturbation estimated by comparing the observed A 22 to the known value of −0.092.
4) About 30% of the implanted Ce eluding the TD-PAC measurements in La/Ca ∼ 0.001 is considered to be under a very low hyperfine field or to experience a relatively fast relaxation. Therefore, it is highly expected that there are at least three states or locations for the La in CaB 6 , while current models 1, 10) simply assume La to occupy a unique Ca site where La 3+ is favorable. This is because the probe nuclei in CaB 6 feel at least three different hyperfine fields: −15 T, −1 T, and that corresponding to 30% of the implanted Ce eluding the TDPAC measurements. This may be the reason for the bad reproducibility of the ferromagnetic Ca 1−x La x B 6 , i.e., the populations for these locations can be easily varied by a slight change in the condition during the synthesis process. The perturbation observed for La/Ca ∼ 0.005 is reasonably considered as that for state A, relying on the population estimated by the observed A 22 .
The observed hyperfine fields strongly suggest the existence of a magnetic order in an RI doped layer in CaB 6 . Since the probable charge states of Ce in the substance are Ce 3+ and Ce 4+ , one 4 f electron bound to Ce can produce an enhanced magnetic field at the nucleus position in the case of Ce 3+ . This enhancement has already been estimated to be ∼40% of the external field, 11) thus insufficient to explain any of the observed hyperfine fields. Furthermore, the La density dependence of the hyperfine field cannot be explained by this idea. Needless to say, Ce 4+ has no such enhancement because it has no 4 f electron, and simply forms an Xe-like closed shell.
The observed La density dependence of the hyperfine field must be understood in connection with the bulk magnetization. We are now investigating the bulk properties of this La-doped layer, expecting ferromagnetic properties. TDPAC measurements with various La doses are now in progress to clarify the La density dependence of the hyperfine fields. We are also planning to study the temperature dependence of these hyperfine fields and of the populations for the observed states to understand the large sample dependence in the magnetization of Ca 1−x La x B 6 .
Summary
La-doped layers of various density in CaB 6 were produced by means of an RI-beam technique. Multiple hyperfine fields for 140 Ce in CaB 6 were found by a TDPAC measurement of the 140 Ce(← 140 La) in these layers. The present result strongly suggests multiple locations for La in CaB 6 , which may be the reason for the bad reproducibility of ferromagnetization of La-doped CaB 6 . The La-density dependence of the hyperfine field for state A was found in a CaB 6 thin film produced by a laser-ablation technique. Because this La density dependence may reflect the mechanism of ferromagnetization, further studies are urged.
